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REMARKS 

Claims 1-41 currently appear in this application. 
The Office Action of January 13, 2005, has been carefully 
studied- These claims define novel and unobvious subject 
matter under Sections 102 and 103 of 35 U.S.C., and therefore 
should be allowed. Applicants respectfully request favorable 
reconsideration, entry of the present amendment, and formal 
allowance of the claims. 

Election/Restriction 

Group II has been elected without traverse. Claim 4 
is now withdrawn from this application, and nonelected 
compounds have been deleted from the remaining claims . 

Specification 

The disclosure is objected to because the 
preliminary amendment filed April 14, 2003, includes an 
amendment to the specification which is not properly 
identif ied- 

This amendment has been corrected to amend the 
paragraph starting at line 15 of page 74. 

The formulae on pages 9 and 10 have been corrected. 

Priority 

The priority has been added to the specification in 
accordance with the Examiner's helpful suggestion. 

Rejections under 35 U.S>C> 112 

Claims 13-20 and 23-26 are rejected under 35 U.S.C. 
112, first paragraph, as failing to comply with the enablement 
requirement. The Examiner alleges that claims 13-20 and 23-26 
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are directed to a method for treating a disease which is 
associated with JNK pathway. 

This rejection is respectfully traversed. In the 
Background section of the application, the function of JNK is 
described in detail at page 2, line 10 through page 4, line 
20. Specifically, the specification refers to WO/9849188 
which teaches the use of a JNK- interacting protein which has 
been assayed for overcoming apoptosis related disorders. 
These polypeptides have been confirmed to have an inhibitory 
effect on the JNK kinase pathway, although there are a number 
of drawbacks associated with their use. 

The sulfonamides of the present invention are 
inhibitors of JNK (c-Jun Kinase) . It is well known that JNK 
is involved in inflammatory, autoimmune disorders and cancer. 
Numerous scientific articles have been published, which 
article has been referenced in the specification at pages 2-4 
of the application as filed. 

Submitted herewith is a copy of Anthony M. Manning 
and Roger J. Davis, ^^Targeting JNK for Therapeutic Benefit," 
Nature 2003, Vol. 2, pages 554-565. This review article 
summarizes the general knowledge in the filed of JNK and its 
involvement in a variety of diseases. Specifically, beginning 
at page 555, right column, through pager 562, left column, a 
variety of diseases are described in which JNK plays a role, 
and, therefore, inhibiting the production of JNK can be used 
to treat these diseases. The article furthermore reports on 
JNK inhibitors {e.g., those of Celgene, Vertex, Takeda, Merck 
and Roche) that are in clinical development for treating these 
various disorders, as described on pages 562-564. Thus, it is 
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general knowledge that inflammatory, autoimmune disorders and 
cancer can be treated by inhibiting JNK. 

Claims 1-3 and 5-26 are rejected under 35 U.S.C. 
112, second paragraph, as being indefinite for failing to 
particularly point out and distinctly claim the subject matter 
which applicant regards as the invention. 

This rejection is respectfully traversed- First of 
all, with respect to ''derivatives", this term is not vague, 
because the sulfonamide derivatives claimed are only those 
which have the structure recited in the claims. That is, the 
compounds claimed are derivatives of sulfonamides. However, 
to simplify the issues, '"derivatives" has been replaced with - 
compounds--- The ranges of limitations have been deleted from 
the claims and presented in new claims . Claims 1 and 2 have 
been amended to eliminate non-elected subject matter. Claim 2 
has been amended to eliminate use as a medicament and to 
change ^^substi-tuted" to -substituted--- Claim 3 has been 
amended to change ''L^are" to --L^ are— and to correct the 
language for Markush groups . 

Claim 8 has been amended to recite a proper Markush 
group. With respect to antecedent basis, a thioxo- 
dihydropyridine is a substituted heteroaryl group, as recited 
in claim 1 . 

Claim 10 has been amended to recite a proper Markush 
group, as well as to correct a self-evident error in the 
recitation of a C1-C12 alkyl group. The recitation of aryl or 
heteroaryl substituents are substituted by halogen, hydroxy, 
nitro, or sulfonyl, the alternative language being a proper 
Markush group. 
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It is not understood why the species in lines 7-8 of 
page 17 are a duplicate of the species in lines 9-10 on page 
13. That is, N- (4 -chlorophenyl ) -2 - ( 5 { [4 - (2 -oxo-2 , 3 -dihydro- 
IH-benzamidiazol - 1 -yl ) piperiodin- 1 -yl ] sul f onyl } thien- 2 - acyl ) 
acetamide is not the same as the benzamide recited on page 13 . 
It is not understood how the species in lines 15-16 on page 19 
are the same as the species in lines 13-14 on page 9 in claim 
11. 

In claim 11-, page 21, 9H-purin-9-yl is a purine ring 
substituted at position 9. 

Claims 13-20 and 23-26 are said to be vague and 
indefinite in that the claim provides for the use of claimed 
compounds, but the claim is said not to set forth any steps 
involved in determining which are the disorders capable of 
being treated by modulating the activity of JNK. 

This rejection is respectfully traversed. As 
discussed above, one skilled in the art is aware of a number 
of diseases that respond to inhibiting the activity or 
abnormal expression of JNK. It is known that immuno- and/or 
neuronal -related diseases or pathological states in which 
inhibition of JNK2 or JNK3 plays a critical role such as 
epilepsy; neurodegenerative diseases including Alzheimer's 
disease, Huntington's disease, Parkinson's disease; retinal 
diseases; spinal cord injury; head trauma; autoimmune diseases 
including multiple sclerosis, inflammatory bowel disease, 
rheumatoid arthritis; asthma; septic shock; transplant 
rejection; cancers, including breast, colorectal, pancreatic; 
and cardiovascular diseases including stroke, cerebral 
ischemia, arteriosclerosis, myocardial infraction, and 
myocardial reperfusion injury. 
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In vitro tests were conducted using 14 compounds 
according to the present invention to determine if these 
compounds had any activity in inhibiting JKN2 or JKN3 . The 
results of these tests are shown in the table spanning pages 
81 and 82. It was also determined that the compounds' 
activity was limited to JNK2 and JNK3 , as the compounds had 
virtually no effect on p38 and ERK2 . Additionally, a test 
described on page 81 of the present specification describes 
how the compounds of the present invention rescue neurons from 
cell death. 

In vivo studies were conducted with compounds of the 
present invention, and it was demonstrated on pages 88 and 8 9 
that the compounds significantly reduced the level of 
inflammatory cytokines induced by LPS challenge in mice, and 
protecting cells from death during a stroke event in gerbils. 

The compounds of the present invention have been 
demonstrated to have considerable activity as inhibitors of 
JNK2 and JNK3 , which are known to be associated with many 
neuronal and autoimmune conditions and diseases, as well as 
cardiovascular protection. Thus, the present invention is 
directed to compounds that inhibit the JNK kinase pathway and 
therefore can be used to treat diseases mediated by the JNK 
pathway, as described above. 

The compounds of the present invention were 
subjected to a total of six different assays, as shown in the 
specification as filed at pages 81-89, namely: 

■ A JNK2 and 3 in vitro assay 

■ A sympathetic neuron culture and survival assay 

■ An IL~2 release assay 

■ A c-Jun reporter assay 
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■ Showing that the LPS induced endotoxin shock in 
mice 

■ Global ischemia in gerbils. 

In view of the biological data obtained from these 
assays, there can be no doubt that: 

■ The compounds claimed herein are JNK inhibitors 

■ The claimed compounds are useful in rescuing 
neuronal cells from cell death 

■ The claimed compounds are suitable for 
inhibiting pro- inflammatory IL-2 production 

■ The claimed compounds are suitable for 
protecting cells from death during a stoke 
event; and therefore, that 

The claimed compounds are suitable for treating 
neuronal disorders, autoimmune diseases, cancer, and 
cardiovascular diseases in light of the general knowledge 
concerning the role of JNK in these disorders. 

Therefore, it is respectfully submitted that the 
present application contains sufficient information and data 
in support of the utility of the compounds of formula (I) as 
well as how to use these compounds as required by 35 U.S.C., 
second paragraph. 

One skilled in the art can, without undue 
experimentation readily determine what is an appropriate 
dosage of a sulfonamide compound according to the present 
invention. One skilled in the art has some idea of the degree 
of JNK pathway that must be inhibited, and the strength of the 
individual sulfonamide compound. These values can be 
determined by routine experimentation that is used to 
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determine the optimum dosage and mode of administration of a 
particular drug. 

Claims 16-19 are said to be vague and indefinite in 
that it is not known what is meant by ^^according to said 
formula 1" when formula I is not present in the claim. 

It is respectfully submitted that a dependent claim 
includes all of the limitations of the claim from which it 
depends. Claim 13, from which claims 16-19 depend, recites 
formula I, which means that formula I is indeed part of claims 
16-19. 

Claim 21 has been amended to delete from the 

claim, and to recite that the definitions of (R^)n, L"*" and 
are those of claim 1, from which claim 21 depends. 

Claim 22 has been amended to recite that the 
definitions of Ar^, Ar^ and are those of claim 1, from which 
claim 22 ultimately depends. 

Double Patenting 

Claims 1-3 and 5-26 are provisionally rejected under 
the judicially created doctrine of obviousness -type double 
patenting as being unpatentable over claims 1-19 of copending 
application No. 10/381,197. 

Claims 1-3 and 5-26 are provisionally rejected under 
the judicially created doctrine of obviousness -type double 
patenting as being unpatentable over claims 1-16 of copending 
application No. 10/381,200. 

Claims 1-3 and 5-26 are provisionally rejected under 
the judicially created doctrine of obviousness- type double 
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patenting as being unpatentable over claims 1-19 of copending 
application No. 10/381,665. 

These rejections are respectfully traversed. It 
should be recalled that the Examiner stated in the Restriction 
Requirement that compounds of formula (I) in which Y is 
piperidino are a different invention from compounds in which Y 
is a piperazine, pyrrolidine, azepan, or diazepine . That is, 
according to the Examiner, a small structure difference in the 
cyclic amine Y gives rise to a different invention. 

If compounds in which Y is a different moiety are 
considered to be patentably distinct inventions, the same 
logic must apply with respect to the compounds claimed in 
copending applications 10/381,200; 10/381,665 and 10/381,197. 
The compounds in the cited applications can be distinguished 
from the compounds claimed herein as follows: 

■ In 10/381,200, the compound of formula (I) are 
characterized in that Ar^ is an aryl or 
heteroaryl group having at least one 
hydrophilic substituent. No such compounds are 
disclosed or even suggested in the present 
application. 

■ In 10/381,665, the compounds of formula (I) are 
characterized in that the 4-12 membered 
saturated cyclic or bicyclic alkyl Y is 
substituted with at least one ionizable moiety 
to which a lipophilic chain is attached. In 
one embodiment, the ionizable moiety to which a 
lipophilic chain is attached is the group is 
-NHR3, where R^ is a straight or branched C4-C12 
alkyl, preferably a C6-C12 alkyl, optionally 



- 52 - 



Appjn. No. 10/070.954 

Amd. dated April 1 , 2005 

Reply to Office Action of January 1 3, 2005 

substituted with a cyclohexyl group of a benzyl 
group. No such compounds are disclosed or 
suggested in the present application. 

In 10/381,197, the compounds of formula 1 are such 
that Ar^ is a phenyl moiety: 

o o 

The presently claimed compounds are quite different 
from these compounds. 

In view of the above, it is respectfully submitted 
that the claims are now in condition for allowance, and 
favorable action thereon is earnestly solicited. 

Respectfully submitted, 

BROWDY AND NEIMARK, P.L.L.C. 
Attorneys for Applicant 




Registration No. 25,884 

AMKrsrd 

Telephone No.: (202) 628-5197 
Facsimile No. : (202) 737-3528 

G:\BN\S\Serl\Arkinstalll\PTO\AMD 01 APR 05.doc 
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TARGETING JNK FOR THERAPEUTIC 
BENEFIT: FROM JUNK TO GOLD? 

Anthony M. Manning* and Roger J. Davis^ 

The c-Jun NHg-termina! kinases (JNKs) phosphorylate and activate members of the activator 
protein-1 (AP-1) transcription factor family and other cellufar factors implicated in regulating altered 
gene expression, cellular survival and proliferatton in response to cytokines and growth factors, 
noxious stimuli and oncogenic transformation. Because these events are commonly associated 
with the pathogenesis of a number of human diseases, the potential of JNK Inhibitors as 
therapeutics has attracted considerable interest. Here we discuss the evidence supporting the 
application of JNK inhibitors in inflammatory, vascular, neurodegenerative, metabolic.and 
oncological diseases in humans, and describe the {Dresent status of drug discovery targeting JNK. 



AP- 1 TRANSOUFnON FACTOR 
The transcription factor AP- 1 
is omnposed of homo* or 
heteiD-dimers of protons that 
belong to the FOS and JUN 
Eunilies. JUN proteins can 
homo-ilimerize, but FOS 
proteins can only form stalrfe 
dimets with JUN. AP-1 dimers 
can be phosphoryiated by JNK 
and other MAP kinases and 
hence develop an enhanced 
DNA-binding capadtfand 
tianscr^tional acttvity. 



*Roche Pharmaceuticals^ 
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*Haward Hughes Medical 
Institute, University of 
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SdtooK 373 Plantation 
Street, Suite 306, Worcester, 
MAOt605,USA. 
Correspondence to A. M. M. 
e-maih antkony.mannin^ 
roche.com 
doi:i0.1038/nrdn32 



JNK was initially identified and purified by Kyrialds et 
alas^ protein kinase that was activated in the Uver of 
rodents exposed to cycloheximide'. Independent 
studies identified JNK as a stress-activated protein 
kinase that phosphoryiated c-Jun on two sites in the 
NHj-terminal activation domain^. Subsequent studies 
led to the molecular cloning of JNK^'' and the 
demonstration that it is a member of the mitogen- 
activated protein kinase (MAPK) group of signalling 
proteins*. Ten JNK isoforms are created by alternative 
splicing of messenger RNA transcripts derived from 
three genes: JNKl, JNK2 and JNK3 (HG, i)'. Gene dis- 
ruption studies in mice demonstrate that JNK is essen- 
tial for tumour-necrosis factor-a (TNF-a)-stimulated 
c-Jun phosphorylation and ap-i transcription factor 
activity*, and is also required for some forms of stress- 
induced apoptosis^ ' 

Ceruin cytokines, mitogens, osmotic stress and 
ultraviolet irradiation activate the JNK pathway, as 
depicted in HG. 2. Hie upstream pathway leading to JNK 
activation is complex: cell- and stimulus-specific 
responses that lead to JNK activation are probably con- 
trolled by physically distinct intracellular complexes of 
multiple signalling proteins. JNK activation leads to the 
phosphorylation of a number of transcription factors 
— most notably the c-Jun component of AP-1 — and 
cellular proteins, particularly those associated with 
apoptosis (for example, Bd2, p53 and so on). 



JNK is activated by dual phosphorylation of the 
motif Thr-Pro-Tyr located iti the activation loop*. JNK 
inactivation can be mediated by serine and tyrosine 
phosphatases, but also by a £unily of dual specificity 
MAP kinase phosphatases*. JNK phosphorylation is 
mediated by two MAPK kinases (MAPKKs) — 
MAP2K4 (also known as MKK4) and NL\P2K7 (also 
known as MKK7) — that can cooperatively activate 
JNK. MAP2K4 preferentially phosphorylates JNK on 
tyrosine, whereas MAP2K7 preferentially phosphory- 
lates JNK on threonine*". Gene disruption studies in 
mice demonstrate that both MAP2K4 and MAP2K7 
are required for fiill activation of JNK by environmen- 
tal stressors, and that MAP2K7 is essential for JNK acti- 
vation by TNF". The MAP2K4 and MAP2K7 protein 
kinases are also activated by dual pho^horyiadon widiin 
the activation kx)p, and this phosphoiylation is mediated 
by one of a large group of upstream protein kinases, 
including transforming growth factor-P-activated 
kinase- 1 and members of the MAPK/extracellular- 
regulated kinase group, the mixed lineage kinase group 
and the activator of S-phase kinase group of MAPKK 
kinases (MAPKKKs)*. Together, these protein kinases 
are able to form signalling cascades that can function as 
defined s^nalling modules that mediate JNK activation 
in response to ^>ecific stimuli (see fig 3). 

The specificity of signal transduction by JNK is 
mediated, in part, by protein-protein interactions". 
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Figure 1 I Structural features of the JNK proteins. The c-Jun NH^-terminal kinases (JNKs) are typical of serine/threonine kinases. 
conr»prising 1 1 protein kinase subdonrons (indicated as l-Xf). The protein kinase activation loop is located between domains VII and 
VIII, and contains the threonine (T) and tyrosine (Y) residues that are pho^rrfiorytated for tuB kinase activation. The members of the 
JNK family are generated by aftemative spDcing of three JNK genes (JA/Kf , JNK2 and JNK3, depicted as orange. Bght and dark 
blue, respectively) to produce ten different feofonms. The dWerences are indicated by the shaded regions. There are t«w> key 
allernathre spBdhg sftes: the first b betwveen subdomain IX and X of ^ 
fomris that demortstrate altered substrate spedfk^ the second afterna^ 

rasulls in proteins that dfffer In length by either 42 or 43 anii^ - 



MAPKs contain a common docking site that is distant 
from the active site that binds to docking motifs 
(D-domain and FXFP) that are located in interacting 
proteins, including substrates, MAPKKs, and MAPK 
phosphatases". JNK also interacts with scaffold pro- 
teins that can assemble functional signalling modules". 
Examples of scaffold proteins include the JNK-inter- 
acting proteins (JIPs) that are transported by the 
microtubule motor protein kinesin". Such scaffold 
proteins can regulate localized activation of JNK 
within cells. 

The complexity of the JNK pathway provides multiple 
opportunities for the design of small-molecule 
inhibitors that might modulate signalling by the JNK 
pathway. Each target has both potential benefits and 
disadvantages for drug design. One approach is to 
directly target the JNKs, a strategy that is reviewed 
herein. This strategy is being aggressively pursued by a 
nimiber of drug discovery companies, as evidenced by 
the patent and scientific literature. However, owing to 
the breadth of physiological functions mediated via 
signalling through the JNK family, direct inhibition at 
the level of the JNKs could also have liabilities. 
Alternatively, targeting the upstream MAPKKs or 
MAPKKKs within the ordered hierarchy of the sig- 
nalling cascade could offer greater specificity in block- 
ing pathological responses, and we refer the reader to 
excellent reviews of such agents"*". 



Inflammatory diseases 

Autoimmune and inflammatory diseases arise from 
inappropriate activation of the immune system, 
resulting in the overproduction of immune cells, 
inflammatory cytokines and tissue -destructive 
enzymes. These cells and proteins attack and destroy 
healthy tissue, giving rise to a nimiber of diseases such 
as rheumatoid arthritis, multiple sclerosis, asthma, 
inflammatory bowel disease and psoriasis, as well as 
transplant rejection. Although available drugs alleviate 
many of the symptoms of disease, they generally do 
not target the underlying mechanisms, are relatively 
non-selective and have dose-limiting side effects. The 
search for agents that target the underlying pathogenic 
mechanisms of these diseases has accelerated during 
the past decade primarily due to our enhanced knowl- 
edge of molecular and genetic pathways regulating the 
immune system. 

Actuated immune cdls express many genes encoding 
inflammatory molecules, including cytokines, growth 
Actors, cell surface receptors, cell adhesion molecules and 
degradative enzymes. Many of these genes, including 
those encoding TNTF-o, interleukin-2 (IL-2), E-selectin 
and matrix metalloproteinases (MMPs) such as collage- 
nase-1, are regulated by the JNK pathway, through activa- 
tion of the transcription ^ors AP- 1 and ArF-2 (REF. i6). 

Monocytes, tissue macrophages and tissue mast cells 
are key sources of TNF-O. The JNK pathway regulates 
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TNF-a production in bacterial lipopolysaccharide- 
stimiilated macrophages, and in mast cells stimulated 
through the FceRII receptor" ". Inhibition of JNK 
activation effectively modulates TNF-a secretion 
from these cells. MMPs promote cartilage and bone 
erosion in rheumatoid arthritis, and generalized tissue 
destruction in other autoimmune diseases. Inducible 
expression of MMPs, including MMP3 and MMP9, 
and type II and IV collagenases, are regulated by activa- 
tion of the JNK pathway and AP-1 (rer i9). In human 
rheumatoid synoviocytes activated vnth TNF-a, IL-1 
or Fas ligand, the JNK pathway is activated^®. 
Inhibition of JNK activation results in decreased AP-1 
activation and coUagenase-l expression. Activated JNK 
can also be detected in synovial fibroblasts and chon- 
drocytes from the joints of osteoarthritic patients, but 
not from normal controls, and has been suggested to 
play a role in the chondrocyte injury and cartilage 
degeneration that are features of this disease^'-". The 



presence and activity of the JNK pathway in multiple 
cell types involved in the inflammatory process has 
dravm attention to the development of JNK inhibitors 
as immuno-modulatory agents (FIG. 4). 

Recently, several studies have reported the effects of 
the administration of JNK inhibitors in animal models 
of arthritis and asthma. SP-600125 was reported as a 
selective inhibitor of JNKs 1,2 and 3 (ic. = 1 10-150 
nM), but with much less activity against the closely 
related p38 MAPK (IC5^>30 ^M)". SP-600125 inhibits 
IL- 1 -induced phosphorylation of JNK and c- Jun in cul- 
tured synoviocytes from rheumatoid arthritis patients, 
and inhibits the production of MMPl 3, a key enzyme 
associated with cartilage destruction^'. Administration 
of SP-600125 inhibits JNK activation and collagenase 
expression in the joints of rats with adjuvant arthritis. 
Animals showed a significant reduction in paw swelling 
and bone and cartilage damage. In light of these find- 
ings, the inhibition of JNK could be considered as a 



Stress, cytokines 



The concentration of drug at 
Mrhich activity of a particubr 
assay is inhibited by 50%. This 
is a typically used value to 
describe the rdathne potency of 
a drug agent 
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AP-1 activation 

RguTB 2 1 Organization of the JNK signal transduction cascade. The c-Jun NH^-terminal kinase (JNK) pathway b variably 
activated in ce!ls by extracellular stinnui Including stress and cytokines. A variety of receptor-associated signalling mechanisms lead to 
the activation of mitogen-activated protein kinase kinase kinases (MAPKKKs) that are capable of activating either MAP kinase kinase 4 
or 7 (MAP2K4 or MAP2K7). MAP2K4 can activate either the JNKs or the p38-MAP kinases. MAP2K7 selectively activates the JNKs. 
JNK activation requires dual phosphorylation of both Thrl 83 and Tyrl 85, triggering the specific intefaction of activated JNKs with a 
number of substrates including the c-Jun component of the activator protein-1 (AP-1) transcription factor. Resulting phosphorylation 
of c-Jun on Sef63 and Ser73 results in the acquisition of enhanced transcriptional activity of complexes containing AP-1 . In ttie 
absence of serine phosphorylation, c-Jun is degraded by a ubiquitin (Ub)-dependent proteolytic pathway. APR amyloid precursor 
protein; ASK, activator of S-phase kinase; ATF, activating transoiption facton Bd, B-ce8 lymphoma protein; DBD. DNA-Wnding 
domain; DLK. dual leucine zipper kinase; DOCK, docking region; DPC-4, dystrophin-associated protein complex-4; Qk-I , member of 
the ETS oncogene family; LZK, leucine zipper-bearing kinase; MADD, MAPK-activating death domain; MLK, mixed lineage kinase; 
MLTK. mixed lineage kinase-related kinase; c-Myc, cellular myetocytomatosis oncogene; NFAT, nudear factor of activated T ceOs; 
TAK, transforming gnov^rth factor-p-activated kinase; Tau, microtubule-assodated protein tau; TPL2. turrxxjr progression locus 2. 
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Figure 3 1 Modular organization of JNK signaUing complexes. The protein kinases that form c-Ujn NHj-terminal kinase (JNK) 
signalling modules in ceBs do so through interaction with scaffold proteins. Studies in yeast estat)lished the concept that scaffold 
proteins are cmcial components of mitogen-activated protein kinase (NMPK) pathways. Five groups of potential scaffold proteins 
that might coordinate JNK signalling have been reported: JNK-interacting protein (JIP), fflamin, p-arrestin. JNK/stress-activated 
protein kinase-associated protein 1 (JSAP1) arxJ p130Cas. These scaffold protons bind discrete members of the JNK pathway, 
and co-locaBze them within the cell. It seems that these scaffolds provide spatial arxl stimulus-specific regulation of JNK function. 
JiP belongs to a group of proteins that were identified as proteins that bind JNK, but were subsequently shown to blixJ other 
components of the pathway, including mixed fineage kinase (MU<) and MAPK kinase 7 (MAP2K7), Ramin is a large protein that 
interacts with and organizes actin flaments. but also binds to MAPKK kinase (MAPKKK), MAP2K4 and JNK. The anestin grcxjp of 
adapter proteins, including p-amestin 2, bind to G-protein coupled receptors (GPCRs) following ligand engagement and have 
important functions in the termination of heterotrimeric G protein activation by GPCRs. Recent studies denr>onstrate that p-arrestin 2 
can bind components of ttne JNK pathway. p1 30Cas is a muftiprotein complex that includes JNK, recruited through association with 
v-crk sarcoma virus CT1 0 oncogene (CRW!). A more detailed review of JNK complexes is presented in REE 103. ASK. activator of 
S-phase kinase; EGFR, epidermal growth factor receptor; HPK-1 , haematopoietic progenitor kinase- 1 ; ROS, reactive oxygen 
species; TNF-oR, turnour-necrosis factor-a recepton TTW, TNF receptor-associated fac^^ 



potential therapy for rheumatoid arthritis. These studies 
were extended using JNK2 knockout mice in a model of 
passive murine collagen -induced arthritis, in which 
JNK2 was demonstrated to be a key determinant of 
matrix degradation, but was less important for inflam- 
mation and paw swelling^*. These data indicate that 
optimal treatment for rheumatoid arthritis might 
require combined JNKl and 2 inhibition. The JNK 
inhibitor SP-600125 also reduces bronchoalveolar accu- 
mulation of eosinophils and lymphocytes in animals 
subjected to repeated allergen exposure, and reduces 
serum Inmiunoglobulin E levels, indicating its pKjssible 
use in the treatment of asthma". 

Inappropriate activation of T lymphocytes initiates 
and perpetuates many autoimmune diseases, including 
asthma, inflammatory bowel disease and multiple scle- 
rosis. Studies of inunature T cells (thymocytes) have not 
demonstrated a role for JNK in early development. 
However, CD3-mcdiated apoptosis of CD4* CDS* 
double-positive thymocytes caused by the administra- 
tion of a monodonal antibody to CD3 in vivo is reduced 
in JnK-nuU. mice"*". This observation indicates that 
JNK might contribute to negative selection of autoreac- 
tive T cells in the thymus, but a direct test of this 
hypothesis has not yet been carried out. Exposure of 
CD4* T cells to antigen causes these cells to differentiate 
into effector T„l or T„2 cells, which secrete cytokines 
that control the type of immune response that is gener- 
ated. T„l cells promote cell- mediated immimity against 
intracellular microbial pathogens by expressing 
interferon-Y (IFN-y), IL-2 and lymphotoxin. By con- 
trast, T„2 cells express cytokines (IL-4, IL-5, IL-9, IL-10 



and IL-13) that promote humoral immunity against 
parasites and extracellular pathogens. Studies of com- 
pound mutations of JnKl and JnK2 demonstrate that 
JNK is not required for CD4+ T cell activation, but that 
JNK is required for differentiation to effector cells^. So, 
/nJCJ-nuU CD4* T cells selecthrely differentiate into T„2 
effector cells". Similarly, 7nK2-nuU CD4* T cells produce 
less IFN-y during differentiation and, as a result, express 
low levels of the p2 subunit of the EL- 12 receptor and M 
to differentiate into the T„l subtype*. 

CD8* T cells can differentiate into cytotoxic T cells 
that help defend the host during cell-mediated immune 
responses by secretion of IFN-y, TNF-ot, perforin and 
granzyme. Interestingly, JNKl and JNK2 seem to have 
different roles in this response"'*^ Studies of JnKl-naSi 
mice demonstrate that antigen-driven CDS* T-cell 
expansion is severely reduced in vivo and in vitro. This 
defect is associated with reduced AP-1 transcription 
activity and reduced cytokine expression (IL-2 and 
IFN-y) and is caused, at least in part, by failure of the 
CDS* cells to express CD25, the a chain of the IL-2 
receptor. By contrast, 7nJC2-null CDS* T cells express 
greatly increased amounts of IL-2 and IFN-y. Together, 
these data indicate that JNKl and JNK2 have positive 
and negative roles, respectively, in the CDS* T-cell 
immune response. These different roles of JNKl and 
JNK2 indicate that the effect of pharmacological inhibi- 
tion of JNK in CDS* T cells could be complex. 
Nevertheless, studies using the small-molecule JNK 
inhibitor SP-600125 demonstrate that this drug mimics 
JNKl deficiency by inhibiting ant^en-driven CDS* T-cdl 
expansion and severely reduces the expression of IL-2 
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FigurB 4 1 Inflammatory gene expression and JNKs. Marty autoimmune cfiseases alginate from an imbalance in nomr^ Immune 
responses to tissue hjury, irrfectkxi or immune sur^^ 

activated, resulting in increased expression of endotheial ceO adhesion molecules such as P- and E-selectin, Intracellular adhesfon 
molecute-1 (ICAM-1) and vascular ceB adhesion molecule-1 (VCAM-1) and chenrwtaclic cytokines such as interteulon-8 OL-8) or 
RANTES. These rtiotecutes promote the marginatfon, activation and extravasation of blood leul<ocytes. These leukocytes, including 
T lymphocytes, rmcrophages ard neutrophils, are activated duitig tl^ process and express distinct sets of secreted products that 
contribute to the resolution of tissue trauma or infection. Local ceHs, ricluding resident mast cells or tissue macrc^phages, and 
epithelial arxl faDrDblast-Bke cefls, are also activated and express ciscrete sets of products. UrxJer normal homeosiatic corxlitions» an 
nflammatory response wfll resolve itself. However, in autoirrvnune cfisease, \he infbnrvratory response is not resolved, with chronic 
inflammation leading to significant tissue destruction and remodelling. Many of the gene products expressed by the activated ceBs 
irivolved in the inflarrvnatory response are regulated by the transc^ (AP-1), and thee- Jun NH^-temiinal 
kinase (JNK) pathway. Cax-2, cydooxygenase-2; GM-CSR granulocyte-macrophage colony-stiTiulating factor; IFN-y. interferon-r, 
BvlOS, inducSDle nitric oxide synthase: LFA-1 . ^mphocyte function associated proteh-l ; Mac-1. macrophage antigen a-poiypeptide; 
MCP-1 , rDemtJrene oofactor pnoteivl ; MP-1 , major intrinsic prolein-1 ; TGF-P, transforming growth liactor-P; TNF-a tunrKxr-necrosis 
factor-o; VLA-4, integrin a4. 



NEUROFIBRIUARY TANGLES 
Intracellular aggregates of 
paired hdical filatnents 
composed primarily of hyper- 
phosphorylated Tau proteins. 
Tau is a microtubule-associated 
protein found within neurons 
and normally restricted to 
axons. Hyper-phosphorylated 
Tau forms tangled masses that 
consume the neuronal cell 
body, presumably leading to 
neuronal dysfunction and 
ultimately cdl deadi. 



and IFN-y*^. This observation is consistent v^ith the 
results of biochemical measurements of JNK activity 
that indicate the presence of high levels of JNK 1 activity 
and \ovf levels of JNK2 activity in activated CDS'" T cells. 

The JNK pathway is activated in T cells by antigen 
stimulation and CD28 receptor co-stimulation, and reg- 
ulates production of the growth factor IL-2 and cellular 
proliferation". T cells activated by antigen receptor 
stimulation in the absence of accessory cell-derived co- 
stimulatory signals lose the capacity to synthesize IL-2» a 
state called clonal anergy. This is an important process 
by which autoreactive T-cell populations are eliminated 
from the peripheral circulation. Of note is that anergic T 
cells fail to activate the JNK pathway in response to 
CD3- and CD28-receptor co-stimulation, even though 
expression of the JNK enzymes is unchanged^. 

In summary, JNKs seems to play multiple roles in 
T-cell immune responses'^. JNK inhibition does not 
block CD4* T-cell activation, but does selectively inhibit 
Tj^l -mediated immune responses. By contrast, JNK 
inhibition does inhibit CD8* T-cell activation. These 
data indicate that JNK is a potential therapeutic target 



that might allow the selective modulation of effector T 
cell function in diseases such as rheumatoid arthritis, 
asthma and chronic transplant rejection. 

Neurodegenerative cfiseases 

Neurodegenerative diseases, including Alzheimer's, 
Parkinson*s and Huntington's diseases and stroke, share 
synaptic loss, neuronal atrophy and death as common 
pathological hallmarks. During the past decade, phar- 
maceutical research on these diseases has shifted focus 
from symptomatic benefit to developing novel disease- 
modifying agents. A key driver of this focus is the 
enhancement in fundamental knowledge of the media> 
nisms governing neuronal survival and death. JNK plays 
an integral role in neuronal death and this pathway 
might be operative in various central nervous system 
(CNS) disease states (HG. s). 

JNKs 1 and 2 exhibit a broad tissue distribution, 
whereas JNK3 is predominandy localized to brain and 
testes. In the human CNS, the major JNK isoforms 
expressed are JNK3al and JNKlal (REF. 36), with JNK3 
preferentially localized to pyramidal neurons in the CAI 
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and CA2 regions of the hippocampus and in specific 
subregions of the neocortex. 

Knockout mice lacking either JnKU JnK2 or JnK3 
develop normally^'^'. However, mice lacking both 
JNKs 1 and 2 die prematurely and exhibit brain abnor- 
malities that are attributable to a dysregulation of 
apoptosis. So, JNKl and TNK2 might be redundant in 
fiiinction for embryonic brain development. Although, 
disruption of JnK3 in developing mice is of no appar- 
ent consequence, a pathological role for ]NK3 down- 
stream of stress-inducing stimuli is evident. In cell 
culture, increased expression of c-Jun, c-Jun phos- 
phorylation and/or INK activity correlates with neu- 
ronal apoptosis induced by a variety of stimuli^*-^'. 
JNK3 deficiency blocked c-Jun phosphorylation, c-Jun 
induction and sympathetic neuron death following 
trophic £(ictor withdrawal". 

Alzheimer's disease is characterized by progressive 
memory loss and deterioration of cognitive function. 
Pathologically, the hallmarks of Alzheimer's disease 
include a prevalence of amyloid deposits, NEURonsiuLLARy 
TANGLES (NFTs) and neuronal synapse and cell loss, pre- 
dominantly in the cortex and hippocampus. Genetic 
analyses of familial Alzheimer^s disease cases provided 
links to mutations in the amyloid precursor protein 
(APP) and the presenilin genes PSENl and PSEN2y 
which might therefore have a role in Alzheimer's disease 
pathogenesis. Extending these findings, animal models 
revealed that the identified mutations in the APP and 
the PSENi and PS£W2 genes afifect the generation and. 
deposition of p-amyloid firagments"*'. Direct toxicity of 
p- amyloid is postulated to contribute to the neuronal 
dysfunction and loss observed in Alzheimer's disease. In 
vitro exposure of neurons to p-amyloid fragments 
results in neurite atrophy and cell death with morpho- 
logical and biochemical characteristics consistent with 
an apoptotic process, Amyloid- induced cell death is 
attenuated in cortical neurons fi"om /nX3-nulI mice, and 
JNK3 mediates this cell death through the activation of 
c-Jun and the enhanced expression of Fas ligand*^. 

Post-mortem brain sections from Alzheimer's dis- 
ease patients revealed an altered distribution and activa- 
tion of JNKs. JNKs 1,2 and 3 distributed to different 
subcellular structures specific to the Alzheimer's disease 
brain*' *^, thereby indicating either a causal role in, or a 
response to, the pathology. JNK phosphorylates Tau in 
vitro at sites identified in paired helical filament Tau, the 
major constituent of NFTs^*. Phospho-JNK staining was 
also localized in transgenic mice overexpressing a 
mutant form of PSENl to neurons surrounding amy- 
loid plaques, as well as to neurons that contained intra- 
cellular accumulations of ^amyloid^. 

A direct role for the JNK pathway in functional regu- 
lation and metabolism of APP has also been postu- 
lated. APP is a substrate for JNK3 (REF. 47). The JNK 
phosphorylation site of APP is Thr668, a site that is 
also phosphorylated by MAPK3 (also known as extra- 
cellular-regulated kinase- 1 (ERKl)), glycogen synthase 
kinase 3p (GSK3p), and CDK5/p35 (although each of 
these kinases phosphorylates APP to a lesser extent than 
JNK). Clearly, signalling through the JNK pathway is 



relevant to multiple physiological and pathological 
events that might be operative in Alzheimer's disease. 

Parkinson's disease is characterized by behavioural 
impairments resulting fiom the relatively selective death 
of dopaminergic neurons. Similarly to Alzheimer's dis- 
ease, the neuronal loss in Parkinson's disease is progres- 
sive and occurs over an extended timeframe. Several 
studies examining Parkinson's disease autopsy brains 
revealed that apoptosis could be the underlying mode 
of death of the vulnerable neurons^'. So far, there is no 
direct evidence of JNK actiS^tio'n in Parldhsbn's disease 
autopsy brains, so iu involvement in the pathological 
process is inferred from the results of cell culture and 
animal model studies. 

The best characterized and most relevant animal mod- 
els of Parkinson's disease use the selective nigrostriatal 
dopaminergic neurotoxin l-methyl-4-phenyl-tetrahy- 
dropyridine (MPTP). MPTP administration to experi- 
mental animals produces a pattern of neurodegeneration 
and a neuropathology that is nearly identical to that seen 
in the brains of post-mortem human Parkinson's disease 
specimens. Recently, adenoviral gene transfer of the 
JNK-binding domain of JIP- 1 , which acts as an inhibitor 
of JNK function, into the striatum of mice inhibited 
IvlPTP-mediated activation of JNK, c-Jun and caspase in 
the substantia nigra. This treatment also blocked neu- 
ronal death in the substantia nigra and the loss of cate- 
cholamines in dopaminergic terminals'". This agent 
attenuated behavioural impairment as measured by 
amphetamine-induced locomotor increases. — 

Ischaemic injury to the CNS can lead to neuronal 
injury and death through a number of mechanisms. 
Several fectors have been defined that mediate cell death 
after ischaemia, including exdtotoxicity, elevated intracel- 
lular caldimi levels, inflammatory processes mediated by 
cytokines and loss of survival fectors". In a model of tran- 
sient focal ischaemia, elevated levels of phospho -c-Jun 
co-localized with TUNEL-labdled neurons in the cortex, 
which indicates the activation of upstream JNKs*'. The 
co-localization with TUNEL-labelled neurons indicates a 
causative role for JNK activation and apoptosis. 

Mice deficient in JNK3 or expressing mutations in 
the phosphorylation site of c-Jun are resistant to the 
hippocampal neurotoxic events associated with 
administration of the glutamate receptor agonist 
kainic acid. Mice that are deficient in JNKl or JNK2 
are not resistant to either kainic acid-mediated 
seizures or neuronal death^'. These data indicate that 
the different JNK isoforms regulate differential 
responses to neuronal insults; in particular, the JNK3 
isoform is involved in glutamate excitotoxicity, an 
important component in ischaemic death, and is 
expressed in a brain region that is vulnerable to global 
ischaemic conditions. 

Metabolic disease 

Obesity and type 2 diabetes are the most prevalent and 
serious of the metabolic diseases^'. Insulin resistance is 
closely associated with these syndromes, and is com- 
monly evident in hypertension, and following infection 
and injury. In these settings, p-cells within the pancreas 



VOLUME 2 I lULY 2003 I 559 



NATURE REVIEWS I DRUG DISCOVERS 



O 2003 Nature Publishing Group 



Death Gene transcription 

Rgurs 5 1 Biological functions of JNK. C-Jun N-termlnaJ kinases (JNKs) regulate cefl survival and apoptosis by distinct 
mechantems. JNKs play a key role in regulating the transcitpti^ 

Activated JNKs interact with activator protein-l (AP-1) and other transcription factors to modulate transcription of a number of 
genes. JNKs can also modulate the half-life of a set of genes that contain AU-rich elements (AURE) In their 3* untranslated regions 
(LTTR), an element associated with rapid turnover and short half-life. Activation of JNKs results in a repression of turnover via these 
elenr^ents. thereby enhancing translation of these messenger RNAs. Activated JNKs can also pronrwte ceOutar apoptosis by 
activating an intrinsic pathway whereby Bcl2 (B-ceD lynvahomas 2) and BCL-xL pronxjte release of pro-apoptotic molecules 
including cytochrome c from mitochondria. This leads to the activation of caspases and ceO death. JIR JNK-interacting protein; 
MKK, mitogen-activated protein (MAP) kinase kinase: MKKK, MAP kinase kinase: TNF. tumour-necrosis factor. 



fail to secrete sufficient insulin to compensate for 
peripheral insulin resistance. Insulin resistance and 
compensatory hyper- insulin aemia dysregulate many 
physiological processes that contribute to life-threaten- 
ing metabolic vascular and cardiac diseases'^. Although 
new drugs are emerging to improve insulin sensitivity, 
the molecular mechanisms of insulin resistance have 
been the subject of intensive research. The idea that 
inflammation causes insulin resistance has been held 
for some time and is consistent with the concept that 
anti-inflammatory drugs> such as high dose aspirin, 
promote insulin sensitivity. The physiological response 
to infection, physical or thermal injury, or obesity 
invariably involves the production of pro-inflamma- 
tory cytokines, such as TNF-a, that activate various 
serine kinases. Considerable evidence indicates that ser- 
ine phosphorylation of the insulin receptor or the 
insulin receptor substrate (IRS) proteins might inhibit 
insulin signalling and promote insulin resistance. 
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During obesity, adipocytes produce TNF-Ot, which 
promotes insulin resistance and stimulates serine 
phosphorylation of IRS 1, whereas disruption of TNF 
receptor- 1 partially restores insulin signalling and 
glucose tolerance in obese mice**. Insulin signalling 
complexes are assembled by insulin-stimulated tyro- 
sine phosphorylation of scaffold proteins, including 
the IRS proteins, Src homology 2 domain-containing 
transforming protein, adaptor protein with pleckstrin 
homology and src homology 2 domains, GABA 
(y-aminobutyric acid) receptors 1/2, Cas-Br-M 
(murine) ecotropic retroviral transforming sequence. 
Though the role of each of these components is of 
interest, transgenic mice studies revealed the impor- 
tance of Irs 1 and Irs2 for somatic growth and carbohy- 
drate metabolism" **. More than 100 potential serine 
phosphorylation sites exist in Irsl, and many protein 
kinases phosphorylate Irsl in vitro, including JNK. The 
Irs proteins contain a binding site for the docking 
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domain of JNK Activation of JNK by pro-inflammatory 
q^okines inhibits insulin signalling in mouse embryonic 
fibroblasts, 3T3-L1 and 32Dir cells through phosphory- 
lation of Ser307 of Irsl. Insulin-stimulated Irsl Ser307 
phosphorylation was inhibited by almost 80% in cells 
lacking JNKl or JNK2, or in cells expressing a mutant 
Irsl protein lacking the JNK-binding domain''. Insulin 
activates INK activity in other cell types, including L6 
monocytes, rat adipocytes and Rat-1 fibroblasts, indi- 
cating that activated JNK could be an important negative 
feedhiick regulator of insulin signalling^. 

Striking evidence for a role of JNK in insulin resis- 
tance and obesity came from the finding that mice fed 
on a high- fat diet, and ob/ob mice that are genetically 
prone to obesity, exhibit spontaneously high JNKl 
activity in liver, skeletal muscle and fat. Mice lacking 
JNKl show decreased adiposity, significantly improved 
insulin sensitivity and enhanced insulin receptor sig- 
nalling in the high-fat and ob/ob models'^'. As a media- 
tor of obesity and insulin resistance, as well as many 
other cellular processes including apoptosis and neural 
differentiation, JNK is a potential therapeutic target for 
obesity and type 2 diabetes. 

Cancer 

The causal routes by which signal transduction path- 
ways contribute to cellular transformation and 
tumorigenesis are well established. A substantial body 
of evidence indicates that JNK activation and c-Jun 
phosphorylation are required for transformation 
induced by RASy an oncogene that is mutationally acti- 
vated in almost 30% of human cancers". Ras induces 
phosphorylation of c- Jun on the same serine residues 
phosphorylated by JNK*-**, and acts cooperatively with 
c-Jim to enhance cellular transformation*^. Fibroblasts 
lacking c- Jun cannot be transformed by Ras, which indi- 
cates a requirement for c-Jim in this process". Moreover, 
recent studies have demonstrated the requirement of c- 
Jun for the development of chemically induced liver 
tumours in a model of hepatocellular carcinoma**. One 
of the functions of c-Jun that might contribute to 
tumour development is the transcriptional repression of 
the gene that encodes the p53 tumour suppressor**. 
Taken together, these data strongly support a role for c- 
Jun in cellular transformation. 

JNK also seems to play a significant role in tumour 
development. Several tumour cell lines have been 
reported to possess constitutively active JNK". The 
transforming potential of several oncogenes is reduced 
after the introduction of antisense JNK oligonucleotides 
or dominant-negative versions of proteins belonging to 
the JNK pathway*'*". A series of transfection studies 
demonstrated that the sites of c-Jun phosphorylation by 
JNK are required for efficient co-transformation activity 
with activated Ras*^ Moreover, fibroblasts from mice 
harbouring a mutated c-/un allele that lacks the JNK 
phosphorylation sites ( JunAA) are resistant to transfor- 
mation induced by activated Ras and Fos*'. c-Fos- 
induced osteosarcomas and skin tumours induced by 
chronic activation of the Ras pathway are reduced in 
JunAA mice. Collectively, these data indicate that JNK 



activity is necessary for efficient transformation and 
tumorigenesis by oncogenes sudi as Ras. 

However, in a recent study, fibroblasts isolated 
(torn mice that lack expression of JNK due to com- 
pound mutations of the JnK genes were efficiently 
transformed by Ras, and actually formed increased 
numbers of tumour nodules and size of individual 
tumours in mice injected with these cells^°. This 
enhanced tumour formation seemed to be due to the 
absence of JNK- stimulated apoptosis in Ras-induced 
JtiK-nuU tumours. An important aspect of tumour 
development is the suppression of apoptosis, and 
human tumours seem to utilize several different 
mechanisms to evade cell suicide, including enhanced 
expression of B-cell leukaemia/lymphoma 2 (Bcl2), 
p53 and apoptotic protease activating factor- 1. So, a 
normal function of JNK might be to suppress tumour 
formation by activating apoptosis. How might this be 
mediated? Examination of /ni:-null primary fibroblasts 
has shown that JNK is necessary for stress-induced mito- 
chondrial release of proapoptotic molecules, including 
cytochrome c (see HG. 3)'. Activated JNK is sufficient to 
cause caspase-independent release of cytochrome c and 
subsequent apoptosis. Studies of fibroblasts have 
revealed a requirement for both Bax and Bak — pro- 
apoptotic members of the Bcl2 family — in JNK-medi- 
ated cytochrome c release and apoptosis^'. Together, 
these data indicate that JNK activates apoptosis by inter- 
actions with the Bcl2 femily of proteins. Therefore, it is 
possible that JNK might promote or suppress tumour 
development in different settings. 

It is probable that JNKl and JNK2 are not tumour 
suppressors, because they are ubiquitously expressed 
and exhibit a strong degree of functional redundancy, 
and the likelihood of mutational loss of both JNK genes 
is extremely low. However, JNK3 expression is largely 
restricted to the brain and has functions that are not 
compensated for by JNKl or JNK2. Indeed, since muta- 
tions in JNK3 were identified in ten out of nineteen 
human brain tumours examined", JNK3 can be con- 
sidered a candidate tumour suppressor gene. Similarly, 
the upstream activators of JNK (MAP2K4 and 
MAP2K7) serve nonredundant roles and so could also 
be tumour suppressor genes'^'^. It is interesting in this 
regard that mutations in MAP2K4 have been identified 
in human cancers of the pancreas, lung, breast, colon 
and prostete'*-'*. Interestingly, previous studies have 
identified MAP2K4 as a metastasis suppressor gene. 
Loss-of-function mutations in MAP2K4 are associated 
with aggressive growth and metastasis of prostate and 
ovarian cancers"*'*. These data are consistent with the 
recently published study of /NJC-null fibroblasts that 
indicate a role for JNK in metastasis suppression". 
However, a direct test of this hypothesis in a reliable 
animal model of metastasis will be required to con- 
firm whether JNK plays a role in metastasis suppres- 
sion, or in tumoiu" surveillance. 

Although JNK seems to act as a tumour suppressor in 
fibroblast transformation caused by oncogenic Ras, JNK 
can contribute to proliferation or survival of other 
tumour cell types. JNK can potentiate B-cell lymphoma 
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caused by breakpoint cluster region- Abelson murine 
leukaemia oncogene, because JNK is required for 
tumour cell survivaF'. Studies of various cancer cell lines 
have revealed high levels of JNK activity^, and inhibition 
of JNK using antisense approaches can reduce oncogenic 
transformation in some tumour cell lines*'"**. 

Together, these considerations indicate that JNK 
could play more than one role in tumour development* 
and that in certain cases this role might be to promote 
or inhibit tumour development. Gaining a deeper 
understanding of the genetic and mechanistic basis for 
these different roles of JNK in tumours is essential for 
determining the true potential of JNK inhibitors as 
anticancer therapeutics. 

JNK drug discovery 

During the past decade, a combination of high- 
throughput screening, kinase-specific libraries and 
structure-based drug design has Volitated the discovery 
of selective kinase inhibitors. Screening of natural prod- 
ucts of different origin, and collections of available com- 
pounds, has led to the identification of compounds that 
served as templates for medicinal chemistry efforts to 
design selective inhibitors for a range of kinase targets*". 
This information has facilitated the design, synthesis 
and screening of libraries of compounds that have 
structural features of inhibitors that interact at the 
kinase ATP site**. Determination of the X-ray structure 
of the members of the MAPK family, ERK*^, p38 (REF. 83) 
and JNK3 (REF. 84) has revealed approaches for the 
design of potent, yet selective, inhibitors of the JNKs. 
These efforts have led to the patenting of a series of JNK 
inhibitors, as described below. 

Signal Pharmaceuticals (now Celgene) reported 
the discovery of a series of pyrazoloan throne deriva- 
tives of compound 1 (SP-600125) as inhibitors of the 
JNK pathway for the treatment of autoimmune, anti- 
inflammatory and neurodegenerative diseases"-*'. 
Compound 1 (fig. 6) showed IC^^ values of 110 nM 
for JNKl and JNK2, and 150 nM for JNK3. 
Compound 1 was also evaluated for selectivity 
against a number of kinases and showed greater than 
30 \iM inhibitory activity against p38-2. ERKl, MAP- 
KKKl , IKKl , inhibitor of K kinase-p (IKK2), protein 
kinase A, protein kinase C and epidermal growth fac- 
tor receptor. Recently, SP-600125 was tested under 
different conditions against a broader range of 
kinases, in which it inhibited several other kinases 
vnth a similar or greater potency than the JNKs**. The 
true selectivity of this compound has yet to be 
resolved, but it does seem to be a valuable tool for 
assessing the role of JNK in various disease models. 
In cellular assays, SP-600125 inhibited TNF-a pro- 
duction in monocytes and XL- 2 production in Jurkat 
cells with an IC^g of approximately 5 pM. In rats, 
compound 3, administered 15 minutes before 
lipopolysaccharide, blocked TNF-a production when 
dosed intravenously and orally. SP-600125 inhibited 
leukocyte recruitment in a rat model of allergic air- 
way inflammation at 30 mg per kg subcutaneously^', 
and blocked JNK activation, MMP3 expression, and 



joint destruction in a rat adjuvant arthritis modeP'. 
In the rat, SP-600125 also blocked kainic acid- 
induced seizure activity by approximately 30%, 

A second series of JNK- selective inhibitors (com- 
pound 2) were also recently disclosed from Celgene*'. 
Celgene initiated a single, escalating-dose Phase I safety 
trial in normal healthy volunteers late in 2002 (REE 88). 
The identity of the JNK inhibitor compound under 
investigation is unknown at this time. 

A series of pyrimidinyl-substituted benzazole-ace- 
tonitriles (compound 3; FlG.e) designed by Serono 
were disclosed as inhibitors of JNK2 and JNK3 for the 
treatment of autoimmune and neuronal diseases*'. 
The benzazoles are more potent inhibitors of JNK3 
than JNK2, with several compounds inhibitmg JNK3 
in the 30-70 nM range. Serono also disclosed a large 
series of sulfonyl amino acid*®, sulfonamide" and sul- 
fonyl hydrazides'^ (compound 4) as inhibitors of 
JNk2 and JNK3. The inhibitors were reported to pro- 
mote survival of sympathetic neurons in culture and 
to protect against cell death during stroke following 
global ischaemia in gerbils. It is not known whether 
these inhibitors are competitive with the ATP site, 
with the substrate site, or are producing inhibition in 
a noncompetitive manner. 

Vertex reported a series of 3-oximido-oxindole ana- 
logues (compound 5) for the treatment of stroke and 
neurodegenerative diseases". A number of compounds 
containing benzo-l,3-dioxolane groups inhibited JNK3 
with IC^ values less than 100 nM. Vertex also disclosed 
a series of 4-substituted isoxazole analogues (com- 
pound 6) containing a 2-anilinopyridine or 2- 
anilinopyrimidines as JNK3 inhibitors'*. A variety of 
substituents were tolerated on the aromatic rings, 
resialting in potent JNK3 inhibitors. 

Researchers at Takeda disclosed the preparation of 
azoles as JNK inhibitors (compound 7)'*. These com- 
pounds showed in vitro IC^ values of 30—210 nM 
against JNKl . In an in vitro assay using THP-1 cells, 
compounds of this class inhibited TNF-a production 
with IC^ values of 2-100 nM. 

Hoffinan-LaRoche reported a series of 4-aryl- (com- 
pound 10) and 4-alkynyl- (compounds 11-13) isoin- 
dolones (compound 8) as inhibitors of the JNKs^''^ 
Several alkynyl analogues inhibited JNK/SAPK with IC;,^ 
values less than 150 nM. 

Hoffman-LaRoche also disclosed a series of 4,5- 
pyridazinoxindole JNK inhibitors (compound 9) for 
the treatment of neurodegenerative and inflanmiatory 
diseases". A variety of substitutions were tolerated on 
the pyridazine moiety. A derivative in which Rl and R2 
are simple alkyl or fused cycloalkyl groups, such as 
cyclohex)d 17, exhibited IC„ values below 100 nM for 
JNKs. 

Recently, researchers at Aventis claimed new substi- 
tuted indolizine derivatives (exemplified by compoiind 
10) as JNK inhibitors useful for the treatment of cancer, 
asthma and arthritic diseases". No pharmacological 
data for these compounds has been reported. 

A series of IH-indazole derivatives of compound 
1 1 from Eisai were reported as JNK inhibitors with 
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IC„ values of about 50 nM against ]NK3, and as being 
useful for the treatment and prevention of Alzheimer's 
and Parkinson's diseases***. Additionally* imidazole 
derivatives of compound 1 1 were daimed to be potent 
JNK3 inhibitors with IC,^ values of 6 nM against 

JNK3 (REF. 101). 



Researchers at Merck claimed the use of 4-(4- 
pyrimidinyl)-5-phenylimidazole derivatives as JNK 
inhibitors*". Compound 12 was reported to inhibit 
JNK3al in vitro with an ICj^ of 1 nM These compounds 
were daimed to have utility as apoptosis inhibitors for the 
treatment and prevention of stroke, Parkinson's disease. 








Figure 6 1 Inhibitors of JNKs reported in the patent literature. In most cases, the generto core structure Is represented on the 
left, with specific examples cited on the right- JNK, c-Jun NHj-termlnal kinase. 
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Alzheimer's disease, amylotiophic lateral sderosis, multi- 
ple sclerosis, spinal cord injury, head trauma and seizures. 
No phannaoological data have been disclosed. 

Condusions 

Data continues to emerge implicating the JNK path- 
way in a number of physiological and pathological 
functions that are probably operative in a range of 
human diseases. The shear breadth of the diseases in 
which JNK inhibitors could show benefit has attracted 
many pharmaceutical companies seeking blockbuster 
opportunities and maximal return on their research 



investment. Our understanding of the organization 
and function of all levels within the JNK signalling 
cascade continues to evolve. Because of the complex 
cross-talk within this signalling cascade, as well as its 
cell-type- and response-spedfic modulation, it is difiS- 
cult to predict potential adverse events that might arise 
from pathway inhibition. The fact that compounds 
that inhibit the JNK pathway are progressing in clinical 
trials bears hope that sufficient safety and risk-benefit 
margins will be observed. In the coming years, the util- 
ity of targeting this pathway for therapeutic benefit 
will probably be determined. 



1 . KyriaWs, J. M. & Avnjch. J. pp54 microtubule-associated 
protein 2 kinase. A novet sainelhneonine protein kinase 
reguteted by phosphoryiation and stirrKdated by poJy-L-(ysine. 
J. Biol. Chem, 265. 17355-17363(1990). 

2. Hib-,M..Lin.A.,SmeQl.T..Minden.A-&Karin.M. 
Identification d an oncoprotein- and UV-fesponsive protein 
kinase that bhds and potentiates the c-Jun activation 
dornain. Genes CfeK 7. 2135-2148(1993). 

3. Adter, V, Pdotskaya, A.. Wfegner, F. 4 Kraft. A. S. 
Affintty-purifed c-Jun annino-temiinal protein Mnasa requires 
serHTe/threonine phosphotylation fcr actK% J. filb/. Cftarri. 
267. 17001-17005 (1992). 

4. OerjaFd.B. ^aC. JNK1: a protein kinase stknutated by UV 
Bght and Ha-Ras that binds and phosphoryJates the c-Jun 
activation domain. Ceff 76. 1 025-1 037 (1 994). 

5. Kyriakis. J. M. ef a/. The stress-actwated protein kinase 
subtannay of c-Jun kinases. Natum 369. 1 56-160 (1 994). 

6. Davis, R J. Signal tjaisduclion by the Jha< group of MAP 
kinases. Ce# 103. 239-252 (2000). 

A concise overview of the cofT4>or)ents of the three 
mhoQen- activated protein kinase signaSng pathways 
and their ther^ieutic potenfiaL 

7. Gupta, S. ef a/t Selective interaction of JNK protein Mnase 
isoforms wnth transcription factors. EMBO J. 1 5. 
2760-2770(1996). 

8. Ventura.J. J..Kennedy.N.J.,Unib,J.A.,Rayell.RA& 
Dgms, R. J. c-Jun NH^-terminal kinase is essential for the 
regulation of AP'1 by tunxynecrosis factor. A/fo( CefBol 
23. 2871-2882 (2003). 

9. Tourraer, C. ef a/. Requirennerrt of JNK fear stress-induced 
activation of the cytochrorrte c-mecfiated death pathway. 
Scfeoce 288. 870-874 (2000). 

ia t-awter. a, Fleming. Y.. Goedert. *Ji &Cohen. R ^nergistic 
activation of SAPK1/JhB<1 by two MAP krase kinases 
hvitro.Curr. BioL 8. 1387-1390(199^ 

11. loumier.C.efaL MKK7 is an essentia component of the JNK 
sigriat trarisduction pathway activated by proiriilanvTtatory 
cytokines. Genes Dev. 15. 1419-1426(2001). 

12. Ensien,H& Davis, a J. Regulation of MAP kinases by 
docking domains. BioL Cef 93. 5-14 (2001). 

13. Morrison, D.& Davis, a J. MAP kinase scaffold proteins in 
mamrTBls, Armu. Rev. Dev. CetBio/. (n the pres^. 

14. Harper. S. J. &ljoGrasso, P. Inhibitors of the JNK sighting 
pathvray. Drugs of fhe Futum 26. 957-973 (200 1 ). 

An exceBertt review o4 progress in the dtecovery 
of irtfiBMtors of JNK signalBng, inducftrtg recent 
patent actMtyc 

15. Maroney, A. C. ef at CEP-1347(Kr7515). a synthetic 
rihibitor of the mixed lineage kinase famay. J. BioL Chem. 
276, 25302-25308 (2001). 

A detailed description of an inhMtor of JNK signalBng 
that functions upstream of the JNKs. 

16. Manrmg. A. M. & Mercurio. F. TranscT^ion anhubrtors in 
inflammation. Exp. Opin. Invest. Drugs 6. 555-567 {1 997). 

17. Swantek. J. L. Cobb. M. H. & Geppert. T. D. Jun N-terminal 
kinase/stress-activsited protein kinase (JNK/SAPK) is 
required for Bpc^xjiysaocharide stimulation of tiirrxy necroste 
factor-a (TNF-a4 translation: gluoooorticoids inhibit TNF-a 
trwislatksn by blocking JNK/SAPK. A4ail Ce€ fiUbf 17. 
6274-6282(1997). 

18. Ishizuka, T.ef ait. Mast o^tUTTKy necrosis factor a 
production is regulated tiy MEK kinases. ftaCL AJ^>k»al 
ScL USA 94. 6358-6363 (1997). 

ia Gum, R..VUang.H..Lengyet,E, Juarez. J. & Boyd, D. 
Regulation of 92 kDa type IV ootagenase expression by ttie 
jun atnnoterminal kinase- and 0ie extracellular 
sigrial-regulaled kinase*dependertf signaKng c ascades. 
Or>cogene14. 1481-1493 (1997)^ 



20. Han. Z. ef al. Jun-N-terminal kinase in rtieumatoid arthritis. 
J. Phann. Exp. Jherap. 291. 124-130(199^. 

21. Han, Z. ef at c-Jun N-termrial kinase is reqtifBd lor 
metafloproteinase (MMP) expression in synoviocytes end 
regulates txine destruction in acfuvant arthritis. 

J. CJh. hvest. 108. 73-81 (2001). 

22. aarx:y.Refa£ Activation of stress-activated proten kinase 
in osteo^thrrtis cartilage: evidence for nitric oxide 
dependence. OsfeoarfhrAs Ctffi^ 9. 294-299 (2002). 

23. Bennett. B.L^ at SP6001 25, warttYSpyrazolone 
inhibitor of Jun N-terminal kinase. Ptoc. Nat! Acad. ScL USA 
98.13681-13686(2001). 

The first detaDed description of the pharTnacok>gic 
profae of a selective JNK InhBiitor. 

24. Han, Z.. Chang. L..V&nianishB.Y.. Karri, M.&Rfestein,G. a 
Joint damage and inflammation in c-Jun N-terminal kinase 2 
krKxi<out mice with passive murine colagen-induced 
arthritis. yArtfifftfe WKbrn. 46, 81 8--823 (2002). 

25. Eynott,RR..Adoock.l.M.4Chung.P.TheefIectsof 
selective c-Jun iNl-terminal kinase inhibition in a sensitized 
Brown Norway rat model of ediergic asthma. Am. J. Respir. 
Crit. CoBMeei 49, S1 02 (2001). 

26. Sabapathy,K. ef ail JNK2 is required for efficient T-cea 
activation and apoptosis txjt notfor normal lymphocyte 
de/elc^xnenL OifT: Sfat 9. 116-125(199^ 

27. Rincon. M. ef at The JNK pothwa/ regi^tes the in vivo 
d^ion of inrimature CD4*C08* thymocytes. J. Exp. Med. 
188.1817-1830(1998). 

28. Dong, C.^ at JNK is required for etftectorTcelfurKtion but 
not forT-cen activation. Natum405. 91-94 (2000). 

29. Dong, C.ef at D^ectiveTo^diflarentiationri the absence 
of Jnk1 . Scianoe 282. 2092-2005 (1998). 

30. V&ng. D.D.ef at DHferentiation of C04*ToeBs to 7h1 cells 
requires MAP kinase JNK2. lmmunit/9. 575-585 (1998). 

31. Arbour, N.ef at c-JuiNH^-terminai kinase ^Ni^l and 
J^&<2 signaSng pathways have dvergent roles in CD8* T 
o^-mecfiated antiviral imnnunity. J. Exp. Mod 195, 801-810 
(2002). 

32. Conze. D. ef e/. c-Jun NH^-termrtal krose (JNK)1 and JNK2 
have distinct roles in C08*^Toel activation. J. Exp. Med 
195,811-823(2002). 

33. Su, B.ef at JtNO< is invoked in signal integration during 
oostimutation of T lymphocytes. Cel 77. 727-736 (1994). 

34. U, W.. Whaley. C. D.. Mondno, A. & Mueller, D. L 
Btocksd signal transduction to the ERK arxl JNK protein 
kinases In anergic CD4* Tcefls. Sdi^ice 271 . 1 272-1 276 
(1996). 

35. Rrcon. M.. Flavefl, a A & Davis, R. J. Signal transduction 
by MAP kinases n T lymphocytes. Oncogene 20. 
2490-2497 (2001) 

36. »<ijan.C.Y.ef at The Jnki and »W<2 protein kinases are 
required for regkxial specific apoptosis during eariy brain 
deveiopmenL Naumn 22. 667-676 (1999). 

37. >feng. D. D. ef at Absenoe dt exdtotoxicity-induoed 
apoptosis in the Nppocampusof mice tacking the JnA:3 
gene. Nature 389, 865-870 (1 997). 

3a Xia,Z.,Dickens.M.,Ralngeaud.J.,Davis,aj.& 

Greenberg, M. E. Opposing enacts of GRK and JNK-P38 
MAP kinases on apoptosis. Sbfence 270, 1326-1331 
(1995). 

39, Le-Nicuiescu, H. et af. Withdrawal of survival factors resufts 
in actrvation of the JNK pathway in neuron^ celts leadaig to 
Fas ligand induction and ced death. MoL Cef Biol. 10. 
751-763(1999). 

40. Bruckner, S. R ef at JNK3 oonWIxites to c^Jun actK/alion 
and apc^osis but not oxidative stress in r^erve growth 
factor-deprwed synnpathetic neurons. J. Neurochem. 78, 
298-303(2001). 



41 . Scheuner. D. ef at Secreted amylcsd beta-fyoten similar to 
that in the senile plaques of Alzheimer^ {£sease is increased 
in vnt> by the presenSn 1 and 2 and/W mutations firmed to 
famiBaJ Alzheimer^ disease, t^tum Med. 2. 864-870 
(1996). 

42. Morishima.Y.ef at ^amyloid induces neuronal apoptosis 
via a mochanism that involves the c-Jun N-termind kinase 
pathway and the induction of Fas Sgand. J. AfeuDSCt 21, 
7551-7560(2001). 

43. Zhu, X.^ at Activation arKlredistrbution of c-Jun 
N-taminal kinasa/'stress activated proteffi kinase in 
degenerating neurons in Alzheinner's cfisease J. Neurochem. 
76,435-441 (2001). 

44. Pei, J -J. ef at Locafization of active forms of C-Jun kiriase 
(JNK) arxi p>38 kinase in Alzheimer's disease brains at 
differentstagesofneurofitxillary degeneration. J. Atzherne/^ 
Dis. 3.41^(2001). 

45. Reynolds. C. H., Utton. M. A.. Gtob, G. M.. Yates, A. & 
Arxierton, B. H. Stress-activated protein lonase/c-Jun 
N-terminal kinase phosphorylatesTbu protein. NBuroctem. 
68. 1736-1 744 {1997>. 

4a Shoji. M.ef at JNK actNHlkxi is associated with intraoeUar 
^amyloid accumulation. Mot Btmn Res. 8S,'221- 233 
(2001). 

47. Reynolds. C. H., Betts. J. C, Sackstocdt. W. R. 

N^xeda, A. R. & Anderton. B. H. Phosji^xarylation sites on 
tau identified by nanoelectrospray mass spectrometry: 
c£flerenoes n vitro between the rnitogen-activated protein 
kinases ERK2. c-Jun N-terminal kinase arxl p3a and 
glycogen synmase kinase-3p. J. Neurochem. 74. 
1587-1595(2001). 

4a Anglade, R ef at Apopto^ arxl autophagy in nigral neurons 
of patients with Parionson^ cfisease. Hstal. l~Bstopathol. 12. 
25-31 (1997). 

49. Xia, X.G.ef at Gene transfer Of tiie JNK interactBig protein- 1 
protects dopaminer^ neurons in the MPTP nrKxJ^ of 
Pari^inson^ cSseese. i^mc Nat! Acad Sd. USA 98. 
10433-10438(2001). 

50. Mattson, M. P. Apoptosis in nei^odegenerative cSsorders. 
Wbllr©«ev. fcfot Cel fitto/. 1. 120-129(2000). 

51. Herdegen. T. ef at Lasting N-temwial phosphorylation 
of c-Jun and activation erf c-Jun N-terminal kinases 
after neurond irijury J. Afec#osc/. 18,5124-5135 
(1998). 

52. Must A efat The dsease burden associated with 
overweight and obesity 282. 1 523-1 529 (1 999). 

53. FaccNri. F.S.,Hua.N.W.,Reaven.G.M.&Stoohs.R.A. 
hlyperirisufinerrva the rnissirig Gr^ arnong oxidative stress 
arid age-retated diseases? Free Rad. BioL Med 29, 
1302-1306(2000)1 

54. Uysal.K.T..Wiesbrock. a M.^ Marino, M.W.& 
Hotamislign. G. a PpotecBon from obesity-frxJuosd naJSn 
resistarce in rriica lackir^ TM^-a function. AiafUB 389, 
610-614(1997). 

55. Withers, D. J. & White, MFInsufin action and type 2 
diabetes: lessons from knocitout mice. Curr. Oph. 
Bidocrinoi. Diab. 6. 141-145(1999). 

56. Withers,D. J. ef at Disruption of IRS-2 causes type 2 
cfiabetes in nnice. Nature 391. 900-904 (1998). 

57. Ue. Y. H., Giraud. J.. Davis. R J. & White. M. F c-Jun 
N-terminal kinase gNK) mediates feedback inhiaition of the 
insulin signaling cascad& J. SOL Cham. 278, 2896-2902 
(2008). 

58. Standaert, M. Lef at Effects of knockout of the protein 
kinase C p gene on glucose transport and glucose 
homeostasis. &Wbcwio*3gy 140. 4470-4477 (1 999). 

59. Hvosurrri, J. ef at A centred role for Jl^ in obesity and insulin 
resistance. Alafure 42a 333-337 (2002). 



564 1 JULY 2003 | VOLUME 2 



www.naturexom/reviews/drugdisc 



e 2003 Nature Publishing Group 



REVIEWS 



60. A£$ei. A. A. BtcKkingorKngerfcRas signaling for cancer 
therapy J. Natl Cancer hst 93. 1062-1074(2001). 

A rsvisw of (Ifleranl spprasches to R as InMbiHont 
friducHhg targeikig JNK. 

61. 5meat,T.,Binetruvr.a,Mefcola.O.A..BiTer.M.&Karin,M. 
Oncogene and transolptibnal ooopeiation vvtth 
requves phosphorylaHon of c-Jun on serines 63 euid 73. 
Nature 354. 494^96(1991). 

62. Sclutte. J.. Minna. J. D.&Binar.M. J. Deregulated 
expression of human c-Jun transforms prirnary rat embryo 
oefts h cooperatkxi with an activated c-Ha-ms gene and 
transforms ral-la calls as a sin^gane. Proc. Nail Acad 

USA 86. 2257-2261 (1 98^ 

63. Johnson, R..SpiegelmaaB.,Henahan,D.& Wisdom, R. 
CefcJar transformation and mafignancy induced lay ros 
requlfBC-Jun.Ma£CSefaja/. 16.4504-4511 (1996). 

64. EfBrl.R.ef at Uver tumor development. c-Jun antagonizes 
the ptoapoptotic activity of p53. Car 112, 181-192 (2009. 

65. Schretber, M.ef at Control <tf eel cyde profession by o>Kjn 
is p53 dependenL Genes Dw. 13. 607^19 (1990). 

66. lp,Y.T.& Davis, a J. transduction by the c-Jun 
N-termirerf kinase (JNK) - from infJamnriation to 
development Curr. Qph. Ce/Bht. io. 205-21 9 (199^ 

67. R3tepowa,0.ef at The Junkinase/stTBss-activated protein 
kinase pathway functions to regulate DtsIA repair and 
inhUtion of the pathway sensitizes tumor ceRs to dsr^tin. 
J. Bbl. Chem. 272, 14041-14044 (1997). 

68. Potapova. O.ef a/. c-Jun N-terminal kinase is essential for 
growth of human T98G glioblastoma ceOs. J. Biol. Chem. 
275. 24767-24775 (2000). 

69. Behrens. A . Jochum, W., SibiBa. M. & Wagner, E. F. 
Oncogervc transtormatiort tjy ras and fos is rnedaled by 
c-Jun N-temvnal phosphof^alion. Oncogene 9, 
2657-2663 (2000). 

70. Kennedy, N.J.&aL Suppression of Ras-stimultf ed 
transformation by the JNK sign^ transductian pathway 
Ger?es Dev. 17, 629-637 (2003). 

71. Lfil.K.efa£1heBaxsubtafTrfyofBd2-re!atedprotans 
is essential for apoptotic signal transduction by c-Jun 
NHj-temiinal knase. MoL CetBiol.32, 4929-4942 (2002). 

72. MDshida. S. ^ a/. The c-Jun NH^-terminal kinase 3 ^NKS) 
gene: genonnic structure, chrornosomal assignment, arvif 
loss of expression in bran tumors. J. Hum. Genet. 46, 
182-187(2001). 

73. rsfishtna. H.eiU Stress-signatling khase Sekl protects 
thymocytes from sfxiptosis mediated by C095 and CDS. 
Nature 385. 350-^ (1997). 



74. Toumier.C.e(atMraC7tsanessentidoomponentoriheJNK 
slgrial transduction pathway activated by prointlamrnatory 
cytokines. Genes Dev. IS, 1419-1426 (2001). 

75. "fengiD. Kef at Human milogen-activQted protein kinase 
kinase 4 as a cancGdale tumor suppressor. Cancer /les. 57. 
4177-^182(1997). 

76. K!m. H.L.ef at MKogen-actlveted protein kinase kinase 4 
metastasis suppressor gene ejcpression is inversely relaled 
to histological pattern in a^ancfcig human prostatic 
cancers. Canca- Aas. 61. 2833-2837 (2001). 

77. Y36hida.B, A. ef at (vRogen-activated protein kinase 
kinase 4/strass-actlvated piolein/Erit kinase 1 
(MKK4/SEK1), a prostate cancer metastasis supp r essor 
gene encoded by human chromosome 17. Cancer Aes. 
69. 548^-5487 (1999). 

76. V&mada.S.D.tf at Mttogen-activated protein kinase 
kinase 4 (MKKQ acts as a metastasis suppressor gene in 
human ovarian cardnoma. Cancer flBs. 62, 6717-6723 
Ca002). 

7a Hess, p., Pihan,G., Sawyers, CL, Ravel, R. A. & Davis, R. J. 
SurvK/al signaTng medated by c-Jun tslHj-ternMnat kinase in 
transformed B iymphoblasts. Ai^furs Genet. 32, 201-205 
(2002). 

80. IDumas. J. Protan kinase inhiibitors: emerging pharmaco- 
phores 1997-2000. B?5L Oph. Thee Pafenfs 11, 405-429 
(2001). 

An excelent review of the many cSflerent kinase 
■iniDnor cnciTncai vompiates mai were loeniinea in 
the lata 1990s. 

81 : Gray, N. S. ef at Explc»ting chemical Etxaries. structure, 
and genomics in the search for kinase inhibitors. Sdence 
281.533-538(1998). 

82. Zhang. R, Strand. A., Bobbins. D.. Cobb. M. H. & 
Goldsmith, E. J. Atomic structure of the MAP kinase ERK2 
at 2.3 A resolution. Mafure 367. 704-71 1 (1994). 

83. Wilson, K. Re/ at Crystal structure of p38 
mitogen-activated protein kinase. J. Sfot Cham. 
271 . 27696-27700 (199Q. 

84. Xie, X. etaL Crysta! structure of JNK3: a kinase impfcated 
in neuronal apoptosis. SfrucfUs 6. 983-991 (1998). 
The report of the JNK3 crystal structure provkied 

a k/ey tool for the Id c ti Ull c aM o w ol salecBwe JNK 
inhlahors. 

85. Bennett,B.L^al\AO0112609(2001). 

86. Bain, J., McLauchlan, H.. eiott, M. & Cohen, P. 

The specilksties of protein kinase inhibitors: an update, 
abctom JL 371, 199-204 {2Q03- 



87. Kois. A. e( at WO 2002461 70 (2002). 

88. Pressreieese. dated 10^1/2002; 

see frttpyAwww. oorporate-ir. net/ireye/]r_sfla. 
2htmr?ticker=celg&script= 4t0&layout=:9&itemjd=346725. 
A press release announcing the first Phase I cJlnieal 
trial of a selectiv« JNK Miibitor. 

89. Klalazy. a. Church. D., Cennps. M. & Gotteland. J. R 
WO 01 47920 (2001). 

90. Arkinstall,S.ef at WO 01 23379 (2001). 

91. Arkinstall,S.ef at WO 0123378 (2001). 

92. Arkinsta)?.S.efatWO0l233a2(2001). 

93. SaTrturo, F. G. ef at. WO 0064872 (2000). 

94. Green.J.efa/. WO 01 12621 (2001). 

95. Ohkawa. S., Naruo, K.. Mwatashi, S., f<imura, H. & 
Kawamoto. T. WO 2002062792 (2002). 

96. Cotbett.W.L&LiJKK-C.&Mahaneyi RE. WO 0035909 
(2000). 

97. Ljuk.K.<;.,Mahaney;RE&Mtechke.S.G. WO 0035906 
(2000). 

98. Luk,K.-C.&Michoud,C. WO 0035921 (2000). 

99. Raddiffe, A. J. ef at WO 2003024967 (2003). 

100. Oinuma, H.. Ohi. N., Sato. N. &Seshimo, H. 
WO 2002083648 (2002). 

1 01 . Graczyk, R ef at WO 2002081475 (2002). 

102. Lograsso, R ef at WO 200191749 (2001). 

103. Weston, C.R.& Davis. R J. The JNK signal 
transduction pathway. Ctn: Qoh Gensf. Deu. 12, 
14-21 (2002). 

Acknowtedgennents 

Special thanks to A. Lewis and B. Bennett at ttw Signal Research 
Divt^ of Cetgene tir permission to ispraduoe RGS 3 arxJ 5. 



Online links 



DATABASES 

The ffirflowing Iwm* bi thta arHde are Ihikad onllM to: 

LocusUnk: httpy/Vftvw/K;bi.nfrTuriTi.gcv/Ljocus^ 

APP|CDK5/p35lE-selectjn|GSK3p|IL-2|JNK1 |JNK2t 

JhK3 1 W^P2K4 I MAP2K7 I WUVPK3 I Mh«^ I MMP9 1 MMP13 1 

PSEN11PSEN2|TNF-al 

OnRne MendeOan inheritance in Man: 

hltpyAvwwJxiJi .n)mjiih.gov/OrTwn^ 

Asthma | inflammatory bovweJ disease | mutt^scieio^ | 

psoriasis I rtieumatokj arthritis 



NATURE REVIEWS | DRUG DISCOVERY 



e 2003 Nature Publishing Group 



VOLUME 2 j JULY 2003 | S6S 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: ' 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



